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Creeping Bentgrass Putting Green Response to Combined Mowing, Rolling, and Foot Traffi c under Environmental Stress Joseph Young,* Mike Richardson, and Doug Karcher C reeping bentgrass is the predominant grass species established on golf course putting greens throughout the transition zone, encompassing USDA Plant Hardiness Zones 7a and 7b (Kaplan, 2012) . Th e transition zone is a unique environment where environmental conditions are unfavorable for both warm-and cool-season grass species at different times of the year (Fry and Huang, 2004) . Th e peak growth periods for creeping bentgrass in these locations are spring and fall when air temperatures are between 15 and 24°C and soil temperatures between 10 and 18°C. Air and soil temperatures oft en exceed these optimal ranges for consecutive days during summer months resulting in reduced root and shoot growth (Huang and Gao, 2000; Huang et al., 1998a Huang et al., , 1998b Liu and Huang, 2001; Xu and Huang, 2003) . In addition to the environmental stress, mechanical stresses associated with putting green management can also aff ect creeping bentgrass.
Mowing heights for putting greens have decreased over the past two decades as a means to increase ball roll distances. Although the physical and physiological eff ects of lowering mowing heights of turfgrass have been well established (Huang and Gao, 2000; Liu and Huang, 2002) , the development of fi ner-textured, higher-density creeping bentgrass cultivars facilitated the continued reduction in mowing heights. Th ese newer cultivars are more capable of being mowed at lower heights while maintaining acceptable turf quality and deeper roots than standard cultivars Sifers et al., 2001; Sweeney et al., 2001) .
Th e development of lightweight rollers and expanded research eff orts demonstrating positive impacts in the 1990s revitalized rolling as a routine management practice, which had been mostly abandoned due to soil compaction concerns (Nikolai, 2005) . Rolling putting greens has been shown to smooth the surface and enhance ball roll characteristics (Nikolai, 2005) . Many researchers have demonstrated the positive eff ects of rolling putting greens including increased green speeds (Hartwiger et al., 2001; Richards, 2010) , reduced disease severity (Nikolai, 2005) , and less algae production (Nikolai, 2005) . In addition to these benefi ts, previous research has indicated that putting green speed is similar when rolling greens managed at a higher mowing height compared to only mowing at a lower mowing height (Hartwiger et al., 2001; Nikolai, 2005; Richards, 2010) . Th eoretically, maintaining a higher mowing height along with rolling should produce a physiologically healthier plant that is able to withstand greater environmental stress because of increased leaf area, which should enhance light interception and photosynthesis.
Bentgrass putting greens experience a range of environmental and mechanical stresses, but also must withstand traffic from golfers. The majority of golfer foot traffic is concentrated around the hole location and common walk-on areas of putting greens. Traffic affects turfgrass in two distinct ways causing compaction of the soil and wear on the turf (Beard, 1973; Carrow, 1995) . Visual symptoms from both traffic effects will be similar with an initial chlorotic appearance that results in turfgrass thinning and necrosis if traffic stress remains high over the given area. The time required for these visual symptoms to become apparent differs with compaction becoming evident over time, whereas the scraping and tearing actions of wear on turfgrass foliage results in injury symptoms that are quickly visible (Carrow, 1995) . The introduction of the United States Golf Association (USGA) sand-based root zone for putting greens greatly reduced the potential for soil compaction effects on these putting surfaces (Nikolai, 2005) . Therefore, the primary negative effect of foot traffic on putting greens is wear injury.
Creeping bentgrass putting greens are managed in regions with high environmental stress and often receive heavy foot traffic. Reduced mowing heights, daily rolling, and foot traffic have all been evaluated on creeping bentgrass putting greens individually, but a thorough review of the published literature did not yield previous results with combinations of these factors. The objective of this study was to determine how various mowing, rolling, and foot traffic regimes impacted turf quality, cover, wear tolerance, and rooting characteristics.
Materials and Methods
This experiment was conducted at the University of Arkansas Research and Extension Center in Fayetteville, AR, from May to September during the 2010, 2011, and 2012 growing seasons. The creeping bentgrass cultivars, SR 1020 and Penn G2, were evaluated for the duration of this study, but these cultivars were not replicated. Although both SR 1020 and Penn G2 are considered improved types, Penn G2 is a high-density, fine-textured cultivar better adapted for lower mowing heights (Fraser, 1998; Samples and Sorochan, 2007) . Previous research has also differentiated these cultivars based on turf quality, shoot density, and rooting potential (Sifers et al., 2001) . Both cultivars were established from seed 10 yr before the study when this non-amended, sand-based research putting green was constructed based on USGA specifications in 2001 (Hummel, 1993) . Thatch mat layer depth for these two cultivars ranged from 25 to 73 mm with a mean of 49.7 mm over the 3-yr evaluation period.
The experimental design within each cultivar consisted of a randomized complete block with three replications in a strip-split plot treatment arrangement. The main plot factor was mowing height at bench height settings of 2.5, 3.2, or 4.0 mm. Main plots (3.6 by 5.5 m) were mowed six d per week in three alternate directions using a walk-behind mower (Toro Flex 21, The Toro Company, Bloomington, MN), while alleyways were mowed at 4.0 mm 3 d per week. The main plot was divided into three strips (1.2 by 5.5 m) for applying rolling treatments of zero, three, or six times per week. A commercially available roller (Speed Roller, DMI/IPAC Group, Amherst, NY) was used throughout this project. The lightweight roller had a roll factor of 0.78 (Hartwiger, 1996) . The strip plots were further split (1.2 by 2.7 m), and foot traffic was applied by five individuals wearing golf shoes with non-metal spikes (FootJoy golf shoes, Acushnet Company, Fairhaven, MA) walking within each plot for 2 min. Foot traffic was generally applied between 1000 and 1200 h, but there were times when individuals were not available until later in the day requiring applications in the afternoon hours. A preliminary evaluation counted 250 steps per person over a 2 min period, resulting in a total of approximately 1250 steps with each traffic event. Therefore, each foot traffic application was comparable to 200 rounds of golf around the hole location at an average golf facility (Hathaway and Nikolai, 2005) . Foot traffic applications were not conducted by the same five individuals each time or year, which may result in variation due to weight, shoe size, and walking style; however, these characteristics would also vary among golfers. The primary purpose of these traffic applications was to provide additional stress that allowed for comparison between trafficked and non-trafficked plots. Foot traffic was applied to the study area every 2 wk in 2010 (22 June, 7 July, 21 July, 11 August, and 25 August) and 2011 (9 June, 22 June, 7 July, 21 July, and 10 August), but weekly in 2012 (2 July, 9 July, 16 July, 30 July, and 10 August).
All other management practices generally applied to a creeping bentgrass putting green in the transition zone were followed. The entire area was aerified (ProCore 648, The Toro Company, Bloomington, MN) with 12.7 mm diam. tines spaced 5 by 5 cm in the fall and spring, affecting 9.8% of surface. Aerification was followed by sand topdressing to fill aerification holes. Sand was applied as a light topdressing every 2 wk throughout the study period totaling approximately 8 mm in depth for the season. Trinexapac-ethyl (Primo Maxx, Syngenta Crop Protection, Greensboro, NC) was applied at 0.05 kg a.i./ha from May through September to regulate shoot growth along with wetting agents (Revolution [Aquatrols, Paulsboro, NJ] at 9.4 L/ha; Cascade Plus [Precision Laboratories, Waukegan, IL] at 51 L/ha) to maintain adequate soil moisture and reduce localized dry spot. The study area was fertilized with 196 kg N/ha each year including foliar feeding 9.9 kg N/ha every 2 wk throughout the summer months. Soluble complete fertilizers including macronutrients other than N and micronutrients were applied each year based on soil test reports to maintain adequate nutrient levels. Fungicides and insecticides were applied curatively on an as-need basis to minimize symptoms of disease and insect activity, respectively. Supplemental irrigation was applied evenly over the study area at approximately 100% evapotranspiration return two to three times weekly to avoid drought stress.
Quality and Functional Parameters
Various performance characteristics were evaluated throughout this study including: visual turf quality and percent green turf coverage. These data were obtained monthly in 2010 and every 2 wk in 2011 and 2012. Turfgrass quality was determined on a 1 to 9 scale (9 = best quality, 6 = minimum acceptability, and 1 = poor quality). Following visual turf quality rating, two digital images were captured of each plot to determine mean turfgrass coverage (Richardson et al., 2001) . The size of each sub-subplot was large enough to capture two images, which increased the area evaluated within each treatment combination.
When all the individual treatments had been trafficked by five persons, wear ratings were obtained visually on a 1 to 9 scale. A wear rating of 9 was recorded when there was no visual evidence of foot traffic within the trafficked treatment. In contrast, a wear rating of 1 was recorded if there was no green turf and heavy production of raised tufts from spikes were present. A moderate rating of 6 was provided to a plot exhibiting chlorosis from traffic and visual evidence of traffic via raised tufts of grass. As previously defined, wear symptoms become evident quickly after the turf is injured, so these ratings were compiled within 2 h of completing traffic application to all plots.
rooting Characteristics
Rooting parameters were evaluated in late May and mid-August each year. The May sampling was performed before the initiation of foot traffic treatments each year, so only mowing and rolling treatments were evaluated. The fifth foot traffic application on 25 Aug. 2010 occurred after root sampling had taken place, so only four foot traffic applications had occurred at the time of root sampling. Two random samples were collected from each plot using a profile sampler (Turf-Tec International, Tallahassee, FL) (7.6 by 1.3 cm) at a 10-cm depth. Sand and organic matter were washed from each sample. The top 2 cm of verdure and thatch/mat layer were removed from each sample, and a second rinse applied to ensure sand removal. The root material was spread out in a 15 by 20 cm clear dish containing water to ease separation of root material in preparation for scanning. The dish was placed on an Epson Perfection V700 Photo Scanner (Epson America, Inc., Long Beach, CA). The scanned image was analyzed by WinRhizo software (Regent Instruments Inc., Quebec City, QC, Canada) resulting in cumulative root length, surface area, and average root diameter. Following image analysis, the two root samples were combined, dried in an oven at 100°C for 48 h, and weighed to obtain root mass data.
statistical analysis
All statistical analysis was performed in SAS 9.2 (SAS Institute, Inc., Cary, NC) using the Proc Mixed procedure to test for all significant treatment effects and interactions. Mean separation for significant effects was conducted at a = 0.05 using least significant difference values for all analyses. All of these data, with the exception of the rooting characteristics, were analyzed separately within years because the number of ratings, rating dates, or timing of data collection varied each year. The two root sampling timings, May and August, were analyzed separately, but all years were included in the analysis because sampling number and time were consistent for all 3 yr. For each of the response variables, cultivars were treated as locations and data pooled if there was not a significant cultivar × treatment interaction.
results
The ANOVA table (Table 1) provides all the significant interactions and parameters identified from this research for turf quality, turf coverage, and wear tolerance in 2010, 2011, and 2012 growing seasons. There were few significant higher order interactions in 2010 and 2011; however, 2012 provided significant interactions with four and five parameters for turf quality and turf coverage, respectively (Table 1) . Significant drought and heat stress occurred on 2 Aug. 2012 because the irrigation controller remained off for 4 d previously, which led to large areas of necrotic heat-and drought-stressed turf. These symptoms were not consistent to specific mowing, rolling, or foot traffic treatment combinations that resulted in significant interactions among all the treatment factors for turf quality and color. Due to the high variability in stress symptoms, data presented consist of lower order interactions exhibiting significance to more easily ascertain treatment effects and develop conclusions from 2011 and 2012.
Visual turf quality diminished significantly throughout summer months in all three growing seasons (2010-2012) before recovering in September once environmental stresses decreased (Fig. 1) . Decreased turf quality was more pronounced in 2011 and 2012 with significant cultivar × date × mowing height interactions in both years (Fig. 2) . In 2011, plots maintained at 4.0 mm had lower quality ratings on the initial rating date for both cultivars because of the lack of uniformity observed when mowed at the highest mowing height. However, both cultivars had more consistent quality ratings throughout summer months when maintained at 4.0 mm. SR 1020 managed at 2.5 or 3.2 mm exhibited a significant decline in turf quality from 9 to 23 July 2011 (Fig. 2) . The continual mechanical and environmental stress on SR 1020 managed at the lowest mowing height reduced turf quality below acceptable levels on 12 Aug. 2011. Penn G2 mowed at 2.5 mm exhibited significant reductions in visual turf quality until 23 July 2011, but gradually recovered the remainder of the summer (Fig. 2) . Turf quality for Penn G2 never fell below acceptable for any of the mowing heights, and turf quality at all the mowing heights returned to similar levels by 1 Sept. 2011 (Fig. 2) .
In 2012, SR 1020 and Penn G2 followed similar trends with turf quality diminishing significantly from 10 July to 8 August before recovering significantly by 30 August following more favorable temperatures and 20 d of no foot traffic. SR 1020 mowed at 4.0 mm maintained significantly higher turf quality throughout the summer compared to lower mowing heights (Fig. 2) . Although Penn G2 quality was reduced for all mowing heights through midAugust, turf quality was never significantly different among the mowing heights on any rating date. Turf quality of both cultivars at all mowing heights dropped below acceptable levels on 8 Aug. 2012 (Fig. 2) . The significant heat and drought symptoms present on 2 Aug. 2012 provided additional environmental stress that diminished the visual quality at all mowing heights. All treatment combinations exhibited significant increases in turf quality to acceptable levels on the final rating date with the exception of SR 1020 at the two lower mowing heights (Fig. 2) .
A significant interaction between rating dates and rolling frequency was observed in 2011 for turf quality and coverage (Fig. 3) . Increased leaf bruising from daily rolling significantly reduced turf quality from 23 July through 1 Sept. 2011. Daily rolled treatments exhibited significantly lower turf quality ratings than non-rolled plots during this time period; however, no rolling treatments resulted in unacceptable quality in 2011 (Fig. 3) . Once environmental stresses eased later in summer, all rolling treatments demonstrated improved quality and were statistically similar by 16 Sept. 2011 (Fig. 3) . When combining data for cultivars, mowing heights, and foot traffic during this period; rolling treatments significantly reduced turfgrass coverage on 23 July 2011 (Fig. 3) . Turf coverage under daily rolling was significantly less than non-rolled treatments through 12 Aug. 2011, while moderate rolling frequencies maintained similar coverage to non-rolled treatments. Daily rolled treatments were not similar to non-rolled treatments with regards to percent turfgrass coverage until the final rating date in midSeptember (Fig. 3) .
Both mowing and rolling treatments significantly affected wear injury in all three summers. As foot traffic continued with higher temperatures throughout the summer months, visual decline from wear stress was increased. In all three summers, daily rolling significantly increased wear injury from foot traffic when compared to non-rolled treatments, and plots rolled three times per week had increased wear injury over non-rolled treatments in 2010 and 2011 (Fig. 4) . Furthermore, when foot traffic was applied weekly starting in the higher heat stress period of July, all rolling treatments exhibited increased wear damage compared to data collected when traffic was applied every 2 wk (Fig. 4) . These results demonstrate the potentially negative effects of wear from foot traffic combined with mechanical wear from equipment during high environmental stress periods.
In addition to the wear associated with increased mechanical stress, lowering putting green mowing heights exacerbated the effects of foot traffic. When averaging across cultivar and rolling treatments, wear injury increased for all mowing heights as temperature stress increased in summer months of 2010 and 2011 (Fig. 5) . On 11 Aug. 2010 , treatments mowed at 2.5 mm exhibited greater wear injury than those mown at 4.0 mm; however, 2.5 mm treatments had significantly greater wear injury compared to both higher mowing heights on 25 Aug. 2010 (Fig. 5) . Similar results were observed in 2011 with significantly less wear damage occurring at the 4.0 mm mowing height compared to lower mowing heights from 21 July through 10 Aug. 2011 (Fig. 5) .
The impact of foot traffic on these aboveground visual characteristics were clear throughout the study, but foot traffic also had a significant effect on rooting parameters ( Table 2 ). The environmental and mechanical stresses reduced cumulative root length, surface area, mean diameter, and dry mass by 62, 70, 23, and 76%, respectively from root sampling conducted in May to August (Table 2 ). When combining root data for cultivars and other main treatment factors, foot traffic reduced cumulative root length, surface area, and dry root mass in 2010 and 2012 compared to non-trafficked treatments (Table 2) . However, foot traffic did not impact any of the rooting parameters in 2011. Average root diameter was significantly reduced with foot traffic in 2012 (Table 2 ). Although the difference in average root diameter was statistically significant, a 0.005 mm increase in average root diameter is not likely to result in a significant physiological benefit. Ashing was not conducted after determining dry weights of root material obtained from treatments, but data from the WinRhizo system correlate with reductions in dry root mass.
disCussion The results in this study for visual turf quality, coverage, wear tolerance, and rooting characteristics all followed trends similar to previous research with significant reductions in each parameter during the peak environmental stress period (Hartwiger et al., 2001; Huang and Gao, 2000; Liu and Huang, 2001; Richards, 2010) . Reductions in quality observed with these combinations of management practices were confirmed by reductions in turf coverage during the most stressful environmental conditions. Although antioxidant enzyme activity was not evaluated in this study, previous research has demonstrated increased electrolyte leakage and reduced enzyme activity in cool-season grasses under heat stress (Du et al., 2009; Liu and Huang, 2000) . The reductions in turf quality and coverage were likely affected by changes at the cellular level. There is no way to prevent heat stress when managing cool-season grasses in the transition zone, but the management practices applied significantly affected turf quality and coverage each year. It is well established that decreasing mowing heights decreases rooting of turfgrasses (Beard, 1973; Bell, 2011; Fry and Huang, 2004) . These root reductions at low mowing heights were compounded by a compromised root system of cool-season grasses with increasing air and soil temperatures later in the summer (Huang and Gao, 2000; Huang et al., 1998a; Liu and Huang, 2002) . Lowering mowing heights did not consistently reduce rooting depth each year in this study as described previously (Liu and Huang, 2002) ; however, substantial root reductions were observed for both cultivars at the end of the summer. In contrast, the application of foot traffic significantly reduced cumulative root length, surface area, and dry root mass compared to treatments receiving no traffic.
This was among the first studies to evaluate the effect of low mowing heights with combined stress from lightweight rollers and foot traffic. Rooting characteristics were not reduced significantly with increased rolling frequency similar to previous research (Hartwiger et al., 2001 ), but increased root production as demonstrated by Nikolai (2002) was not observed either. In contrast, visual turf quality, coverage, and wear tolerance decreased for both cultivars with daily rolling, especially during environmental stress. The reduction in turf quality and coverage with daily rolling during the summer months differed from previous research where rolling frequencies did not significantly alter visual turf quality (Hartwiger et al., 2001; Richards, 2010) . Although turf quality was decreased with daily rolling in this case, turf quality never fell below acceptable levels throughout the summer months. This demonstrates the challenge for a golf course superintendent to provide optimal putting green performance with moderate stress that maintains acceptable turf quality. However, additional environmental or mechanical stress may cause significant decline in a short period of time.
A previous USGA publication described the process of "target" rolling practices to minimize stress on a putting green (Gilhuly, 2006) . Target rolling consists of rolling a portion of the green around the hole location, but not the entire green. The author referenced two golf course superintendents with annual bluegrass (Poa annua L.) and hybrid bermudagrass [Cynodon dactylon (L.) Pers. × C. transvaalensis Burtt-Davy] putting greens who implemented this practice as a means to reduce stress and save time before golf tournaments. Golfers surveyed did not notice inconsistencies in green speed when increasing mowing heights by 0.7 mm and target rolling. Although previous research has demonstrated few detrimental effects with daily rolling (Hartwiger et al., 2001; Nikolai, 2005; Richards, 2010) , the current study indicates that combining daily rolling with daily mowing increases wear injury of creeping bentgrass putting greens. The reduction in wear tolerance was increased under supraoptimal temperatures, so these conditions may warrant implementing target rolling, especially during summer stress conditions. As temperatures rise during summer months and golfer foot traffic is high, increasing mowing heights and applying target rolling may increase wear tolerance and maintain a higher quality putting surface. Previous lightweight rolling research has demonstrated positive effects with alternating mowing and rolling practices (Nikolai, 2005; Richards, 2010) . This treatment was not incorporated into the current study due to a lack of space for additional treatment application; however, this practice could be implemented to lessen the turf quality decline observed with daily rolling at the lowest mowing height. In summary, this research demonstrated the negative effects of combined management practices and foot traffic under high environmental stress during summer months in the transition zone. Increasing mowing heights remains a beneficial approach to enhancing quality and wear tolerance of creeping bentgrass. However, combining low mowing heights and daily rolling can increase turf stress and should be used in moderation during the peak of stressful periods. Finally, the practice of moving holes and altering walk-on areas to greens to disperse golfer foot traffic will improve putting green quality during environmental stress.
reFerenCes Table 2 . Cumulative root length, root surface area, average root diameter, and dry root mass for May and August sampling dates from 2010 to 2012 averaged over cultivars, mowing heights, and rolling frequencies. 
